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Cavitands with Revolving Doors Regulate Binding Selectivities and Rates in
Water
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Cavitands are concave hosts that bind small molecules of R
complementary size, shape, and chemical surffabeepened o NO: %=
cavitands enclose most of a small guest, but the open end reduce™~( ) _ 0_{?“"2 - HNW\}j o
the selectivity and exposes part of the guest to the external médium. = e
Exquisite selectivities can be achieved using capsules that com- P ! -
pletely surround the guest(%)’ We report here an alternative in
the form of new receptor: a cavitand with doors which can be 9
rotated over the open end. =

We recently described a water-soluble cavitdnthat coaxes
hydrophobic guests into the cavity where they are more or less . .
shielded from the aqueous environmérithese complexes are NaoH [ § R GO
kinetically stable; that is, exchange of guests is slow on the NMR F 7.R = pCgH,COMe
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time scale. The guests are surrounded by surfaces made of aromati P
. . . . 2,R= o CO;Na
subunits, allowing for van der Waals interactions between host and _H_ :
guest. This attraction leads to conformational changes for normal Ao P
hydrocarbons, such as hexane: they coil to make better contacts
with the inner lining of the receptor and reduce the surfaces exposed
to the aqueous environmeht.
We prepared tetracarboxylate cavitéhih a manner analogous
to that of 1.8 The octanitroarend™ was reduced to the correspond-
ing octamine hydrochloridéand condensed with imidafeto give
tetraester in 55% overall yield. Treatment with NaOH in aqueous
THF effected hydrolysis of the esters to give the desired tetraben- g ¥
zoate cavitand@. Cavitand2 shows good solubility in water, and  Fjgure 1. (a) Syntheses of water-soluble tetracarboxylate cavitratsl
the folded “vase” conformation is dominant at concentrations of 1 2 and (b) representations of the folded complex2ofiith cyclopentane
mM or below. indicating a resting position of the upper “revolving door” benzoate groups
Cavitand2 displays binding characteristics similar to those of (SPartan: AML force field; some groups omitted for clarity).
1. Small hydrophobic species, such as cycloalkanes, can be extracted
into the aqueous phase Byforming 1:1 host-guest complexe¥. a
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By ™H NMR analysis, only one hostguest species can be seen,
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and on the basis of the detection limits of the NMR spectrometer, ,
this translates to a binding constanto10* M. With cyclopen-

tane, cyclohexane, and cycloheptane, the guests tumble rapidly at, A . ‘ ' k
room temperature, leading to an averaging of the chemical shifts

to give one sharp singlet in tHél NMR spectra in the far upfield
region (Figure 2). Competition experiments show cyclopentane is
preferentially bound with respect to cyclohexane by a ratio of 3:1, .
and cyclopentane is preferred over cycloheptane by 16:1. Under

i
the same conditiond, preferred cyclohexane slightly over cyclo-
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pentane (1.3:1) and over cycloheptane (2:1). A direct competition ? e
experiment between the two cavitands was also performed (see
Supporting Information). When 1 equiv of cyclopentane was g
exposed to a mixture df and2, a bindingK of 7.5 in favor of A DY R, NS W
encapsulation i2 was observed. However, when the same experi- 7.5 7.6 7.4 7.2 7.0 6.8 6.6 6.4 6.2 6.0 5.8 ppm 2.5 -3.0 ppm
ment was performed using cyclohexane, khg obtained was 2:1  Figure 2. Downfield and upfield regions 3H NMR spectra of excess (a)
in favor of binding in1. Evidently for 1, cyclohexane fills the THF; (b) isobutane; (c) cyclopentane; (d) cyclohexanen¢pgntane; (f)
available space best, but cavitaBdshows a selectivity for the  cycloheptane; and (g)-hexane a 1 mMsolution of2 in D;O.
smaller guests.

The origins of this selectivity can be understood through analysis benzoates occur as only two sets of doublets. Free rotation of the
of the downfield regions of théH NMR spectra (Figure 2). The  benzoates ensures the structure is (time-averaged) symmetrical and
characteristic signals for the aromatic protonsénd H, of the each of them experiences the same averaged magnetic environment.
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The chemical shifts of Hand H, were unexpected. Whed is
occupied by one molecule of THF in its resting state (an artifact of
the saponification solvent), the doublets occud &.50 and 7.37
ppm. The protonsnetato the carboxylate groups (Hare shifted
considerably upfield by the anisotropy of the cav#rhis positions
them above the cavitand’s open end with thekCbonds directed
into the cavity. The magnitude of the upfield shifiX = —0.86

Apart from the selectivity conferred updhby the doors, there
are consequences for the exchange rate of guests into and out of
the cavitand. Quantitative data through EXSY experiments have
generally been thwarted by the low solubility of the hydrocarbons
in D,0, but some qualitative observations are possible. For example,
the resident THF in cavitandl is only weakly bound in aqueous
solution, and its NMR signals are exchange broadened. In contrast,

ppm) is consistent with two benzoates, on average, above the2shows very sharp signals for bound THF, indicating that exchange

opening (see Supporting Information and Figure 1b).
The position of these doors tracks with their chemical shifts and

in and out of its cavitand is slowed. Likewise, the spectrum of
cyclopentane bound ifh shows a broad peak due to intermediate

can be used as a measure of the relative size of an encapsulatetates of exchange but one sharp singlet when bourii(Figure

guest. There is a limit for the position of the doetse IH NMR

signals for cavitand with small guests, such as isobutane, tetrahy-

2). A comparison of the rates of exchange of guests in the two
cavitandsl and2 was possible by analysis of the integrals of the

drofuran, and cyclopentane, are essentially identical; the fully closed EXSY cross-peaks obtained in the 2D NOESY spectralof

doors show Hat 6.50 ppm. As the guest gets larger, the doors can

cyclohexane an®-cyclohexane (see Supporting Informatidf).

no longer close onto the cavity due to steric clashes. The averageComplex1-cyclohexane shows relatively rapid in/out rate constants

location of the relevant protons is further from the anisotropy of
the cavitand, the shielding effect is diminished, and the chemical
shift moves downfield (Figure 2¢lg). For example, binding of
cyclohexane (see Figure 2d) causes the signals fotoHnove
downfield to 6.76 ppm, while leaving the other cavitand peaks-(H
Hg) unchanged. Cycloheptane shiftg &en further to 7.27 ppm.
n-Alkanes are longer than their cyclic counterparts, ana-gentane

of 25 and 150 s!, respectively, whereas the equivalent rate
constants fo2-cyclohexane are on the order of 100-fold smaller
(0.6 and 0.8 s, respectively), consistent with restricted guest
exchange conferred updhby the revolving doors.

In summary, a new water-soluble receptor has been prepared
and characterized. Unlike the self-assembled capsules that fully
surround their guests through metal ligand interactighsalt

opens the doors further than does cyclopentane or cyclohexanebridges; hydrogen bond$and even simple hydrophobic effects,

and the binding oh-hexane causes the doors to fully open to the
extent that no shielding of +bccurs. Encapsulation of longer guests,
such astrans-decalin, shows cavitand signals similar to those of
n-hexane. One additional change in the NMR spectr& ofith
larger guest is the shift of methine proton Hpfield, which

the new cavitands feature rotating doors attached to the open end.
The doors increase selectivity for small guests, and binding
constants exceed 10/~1 with selectivity for cyclopentane over
cycloheptane of about 16:1. The doors also reduce the rate of
exchange of various small guests in and out of the cavitand. Further

generally occurs in systems similar to this when the walls are pushedstudies on the nature of this type of restricted-entrance receptor

outward.
Molecular modeling lends support to this propessg¢miempirical
analysis of the complex betweénand cyclopentane (Figure 1b)

shows a resting state where two of the benzoate doors are situateqjl

directly above the cavitand, with the other two positioned outward
in the bulk solvent. The barrier to rotation around the single bonds

will be reported in the future.
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is very small, and hence at room temperature, these doors move

rapidly on the NMR time scale.

Comparison of the chemical shifts observed for bound cycloal-
kane guest betweeh and 2 shows that for larger species where
the lid is fully open (cycloheptane and cyclooctane) the shifts are
very similar ¢ —2.38:—2.34 andd —2.07—2.12, respectively).
However, the closing of the lid causes a changgclopentane and
cyclohexane are shiftedownfieldwhen bound ir2 as compared
to 1l (0 —2.56—-2.86 andd —2.54—2.71 ppm, respectively). The
orientation of the benzoate doors shown in Figure 1b is fully
consistent with their effects on the guest: presentation of the

benzoate edge to the guests causes deshielding as observed. If the

Supporting Information Available: Full experimental and char-
acterization of new species and selected NMR data. This material is
available free of charge via the Internet at http://pubs.acs.org.
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